IL-2-mediated proliferation and increases IFN-␥ production (2, 19) . Thalidomide inhibits NF-B, a critical regulator of inflammatory processes (22) . Moreover, thalidomide inhibits IL-1␤-induced IL-8 production, nuclear translocation of NF-B, degradation of I-B␣ (21) , and LPS-induced COX-2 (16) . In addition to effects on classic immune cell populations, thalidomide also suppresses the induction of cell surface adhesion molecules in human umbilical vein endothelial cells (HUVEC) (17) . Despite these findings, the mechanism of the effect of thalidomide on tissue-specific microvascular endothelial populations, specifically the gut microvascular endothelium, during inflammatory and angiogenic activation remains undefined.
Microvascular endothelial cells are a critical cell population in inflammation, wound healing, and the inflammatory response. Angiogenesis, the growth of new microvessels, plays a key physiological role in wound healing while also playing a pathophysiological role in diabetic retinopathy, atherosclerosis, tumor growth, and chronic inflammation (14) . Recent investigation has demonstrated that angiogenesis is a common feature in inflammatory bowel disease (IBD) (8) . Thus investigation of angiogenic mechanisms in IBD is a promising area for defining the molecular and cellular basis of disease pathophysiology and devising novel forms of therapy that target angiogenesis.
Angiogenesis is regulated through a balance of positive and negative regulatory mediators. VEGF is one of the most important positive angiogenic factors (3, 41) . VEGF plays an essential role in endothelial proliferation and angiogenesis during embryogenesis as well as the menstrual cycle, pregnancy, and wound healing (5, 18) . Enhanced expression of VEGF may contribute to pathological mechanisms in chronic inflammation (i.e., rheumatoid arthritis, psoriasis, and IBD), diabetic retinopathy, and adenocarcinoma (13) . The importance of angiogenesis in the disease processes has been demonstrated by the success of antiangiogenic therapeutic trials, which are approved for the treatment of advanced colorectal adenocarcinoma (33) . VEGF plays a key role in tumor neovascularization (12, 32, 39) . In the setting of chronic inflammation, antiangiogenic therapy has shown beneficial effects in animal models of IBD (CD, ulcerative colitis) (8) , as well as open-label trials of the compound thalidomide in refractory CD.
The ability of endothelial cells to migrate and form capillary-like structures is critical in growth factor-induced angiogenesis. Furthermore, this process is dependent on signaling via phosphatidylinositol 3-kinase (PI3K)-Akt-dependent pathways (6, 26) . We therefore set out to determine the antiangiogenic effect of thalidomide on HIMEC in response to VEGF and investigate its potential inhibitory effect on Akt activation. PI3K/Akt is the most targeted pathway in human cancers, as its activation leads to cell proliferation and cell survival via mechanisms that are presently not well defined (38) . Akt is an important molecular junction in intracellular cell signaling because multiple growth factor-driven signaling pathways converge through this molecule (28) .
In this study, we assess the in vitro effect of thalidomide on human intestinal microvascular endothelial cell (HIMEC) activation by TNF-␣/LPS and apoptosis induced by serum deprivation and also investigated the effect of thalidomide on HIMEC angiogenesis mediated by VEGF. Our data demonstrate that thalidomide inhibited HIMEC leukocyte adhesion and intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin expression in TNF-␣/LPS-activated HIMEC. Thalidomide also inhibited NF-B activation but had no effect on either inducible nitric oxide synthase (iNOS) or cyclooxygenase (COX)-2 expression in activated HIMEC. The antiangiogenic effect of thalidomide on VEGF-induced HIMEC activation was evident by its inhibitory affect on cell migration, growth, proliferation, in vitro capillary tube formation, and Akt phosphorylation.
MATERIALS AND METHODS

Antibodies and reagents.
Thalidomide was a generous gift from Celgene (San Diego, CA). VEGF and antibodies to VEGF receptor 2, ICAM-1, VCAM, and E-selectin were from R&D Systems (Minneapolis, MN). Antibodies to iNOS and COX-2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The selective COX-2 inhibitor NS398 was obtained from Cayman Chemical (Ann Arbor, MI). Antibodies against phosphorylated and nonphosphorylated Akt and NF-B p65 subunit were from Cell Signaling Technology (Danvers, MA). LY294002 (PI3K/Akt) and SN-50 (NF-B) inhibitors were obtained from BioMol (Plymouth Meeting, PA). Fluoresceinconjugated phalloidin was from Molecular Probes (Eugene, OR). Fluorescein-conjugated streptavidin was from Pierce (Rockford, IL). Oligonucleotide and primers were from Operon (Alameda, CA) and Integrated DNA Technologies (Coralville, IA). Immun-Star and all other electrophoresis reagents were from Bio-Rad (Hercules, CA). Endothelial cell growth supplement (ECGS) was from Upstate Biotech (Lake Placid, NY). MCDB-131 medium, porcine heparin, penicillin/streptomycin/fungizone, and soybean trypsin inhibitor were from Sigma (St. Louis, MO). FBS was from Bio Whittaker (Walkersville, MD). Collagenase type II was from Worthington Biochemical (Lakewood, NJ), and BSA (Fraction V) was obtained from Fisher Scientific (Fair Lawn, NJ). Human plasma fibronectin was from Chemicon International (Temecula, CA). Unless otherwise indicated, all other chemicals used in this study were purchased from SigmaAldrich.
Isolation and culture of HIMEC. The use of human tissues and all experiments were approved by the Institutional Review Board of the Medical College of Wisconsin. HIMECs were isolated from surgical specimens and maintained as described earlier (4) . HIMEC cultures, modified lipoprotein (Dil-ac-LDL) uptake (Biomedical Technology, Stoughton, MA), and expression of Factor VIII-associated antigen were recognized microscopically. All experiments were carried out using passages 8 -12 of HIMEC.
Leukocytes. U-937 cells (monocyte-like) were obtained from American Type Culture Collection (Rockville, MD) and maintained in RPMI 1640 medium with 10% heat-inactivated FBS.
Assessment of CAM surface expression. CAM surface expression assays were performed as previously described (4, 34) . Briefly, HIMEC with or with out thalidomide (1-10 g/ml) were stimulated with TNF-␣ (100 U/ml) and LPS (1 g/ml), for 24 h. E-selectin, ICAM-1, and VCAM-1 surface expressions were detected with 125 I streptavidin (80 Ci/ml). The cells were lysed with 1.0% Triton X-100 and quantified in a ␥-counter. Data from triplicate wells were expressed as the means of 125 I streptavidin bound (cpm/well). Control experiments using a nonspecific monoclonal antibody were performed in parallel at equal concentrations and incubation conditions.
Endothelial-leukocyte adhesion assay. Adhesion assays were performed as previously described (4, 34) . Briefly, endothelial cells were seeded onto fibronectin-coated 24-well tissue culture plates (Corning Costar, Corning, NY) at 0.5 ϫ 10 5 cells/well using HIMEC medium supplemented with endothelial cell growth factor, and allowed to grow to confluence over 48 -72 h. Endothelial cells with or without thalidomide (1-10 g/ml) were stimulated with a combination of TNF-␣ (100 U/ml) and LPS (1 g/ml). After 24 -48 h, monolayers were rinsed, and 1 ϫ 10 6 leukocytes in 1 ml were cocultured on endothelial monolayers and allowed to adhere at 37°C in a 5% CO 2 incubator. Following a 1-h incubation, nonadherent cells were removed, and residual cells were rinsed three times with Dulbecco's PBS (Gibco, Grand Island, NY) followed by gentle shaking of the tissue culture plate. Monolayers were fixed and stained using a modified Wright's stain (Diff-Quik Stain; Baxter Scientific, McGraw, IL), and adherent leukocytes were counted in 10 high-power fields (ϫ20) using an ocular grid. Adhesion was expressed as number of adherent leukocytes/mm 2 . Endothelial-leukocyte low-shear-stress flow adhesion assay. Adhesion assays were performed as previously described (4, 34) . Briefly, endothelial cells were seeded onto 35-mm fibronectin-coated tissue culture dishes (Corning Costar) at 1 ϫ 10 5 cells/dish using HIMEC medium and were allowed to grow to confluence over 48 -72 h. Endothelial cells were analyzed with or without thalidomide (1-10 g/ml) directly or following stimulation with a combination of TNF-␣ (100 U/ml) and LPS (1 g/ml). After 24 h, monolayers were rinsed and assayed in a low-shear-stress flow chamber (23, 43) . Leukocytes (1 ϫ 10 6 per ml) flowing at a rate of 1 dyne/cm 2 were cocultured over the endothelial monolayers and allowed to adhere at 37°C, and adhesion was recorded using a CCD camera attached to an inverted tissue culture microscope. Data were analyzed by counting the number of adherent leukocytes over 10 random high-power fields using an ocular grid, and adhesion was expressed as number of adherent leukocytes/mm 2 . Assay of transcription factor NF-B. With the use of TransAM NF-B and Nuclear Protein Extraction Kits, NF-B activity was measured according to the manufacturer's protocol (Active Motif, Carlsbad, CA). The samples were analyzed in a 96-well plate containing the immobilized NF-B consensus site (5=-GGG ACT TTCC-3=) oligonucleotide. The activated form of NF-B in nuclear extract binds to this oligonucleotide. Using an antibody against NF-B p65 subunit and a horseradish peroxidase-conjugated secondary antibody results in a colorimetric readout, which was quantified at 450 nm using a Beckman DU-650 spectrophotometer. Data from triplicate wells were expressed as means Ϯ SD.
Immunofluorescence staining. Nuclear translocation of NF-B p65 subunit was determined using a FITC-conjugated secondary antibody as described previously (31) .
Western blot analysis. SDS-PAGE and Western blot analysis were performed using antibodies to iNOS, COX-2, and Akt as described previously (34) .
Semi-quantitative RT-PCR for iNOS. iNOS gene expression was assessed in HIMEC with or without thalidomide pretreatment using iNOS: F 5=-TCT TGG TCA AAG CTG TGC TC-3= and R 5=-CAT TGC CAA ACG TAC TGG TC -3= (237 bp) as previously described (34) . ␤-actin primers were included in the reaction as an internal control.
Real-time PCR for COX-2. RNA was then isolated using Qiagen's RNeasy Plus Mini Kit according to manufacturer's instructions. Reverse transcription was done with 1 g of RNA using Bio-Rad's iScript cDNA synthesis kit. COX-2 gene expression was analyzed via real-time PCR using Bio-Rad's Sybr Green Master Mix, 2 l of cDNA, and 250 nM primer in 25-l reactions. Cycling parameters were 95°C for 3 min, then 45 cycles of 95°C for 10 s and 60°C for 30 s. Generation of a single product was confirmed with a melt cycle. Real-time data were analyzed using Bio-Rad's iQ5 software. Primer sequences were as follows: ␤-actin, F 5=-CTG GAA CGG TGA AGG TGA CA-3= and R 5=-AAG GGA CTT CCT GTA ACA ATG CA-3=; COX-2, F 5=-CAG CAC TTC ACG CAT CAG TT-3= and R 5=-TCT GGT CAA TGG AAG CCT GT-3=; and GAPDH, F 5=-TGC ACC ACC AAC TGC TTA GC-3= and R 5=-GGC ATG GAC TGT GGT CAT GAG-3=. All primers were obtained from SA Biosciences (Frederick, MD).
Endothelial cell chemotaxis assay. Chemotaxis assay was carried out as described earlier (20) . Briefly, HIMEC (3 ϫ 10 4 cells/cm 2 ) were cultured on fibronectin-coated polycarbonate filters (8 m pore size; BD Biosciences, Bedford, MA). After incubation in media containing 2% FBS overnight, HIMEC were incubated with thalidomide (.01-10.0 g/ml) for 2 h, and buffers containing VEGF (50 ng/ml) were filled into the lower compartment of the 12-well plates. After overnight incubation, cell culture inserts were removed, and the upper surface of the membrane was gently wiped to remove nonmigrated cells. Filters were stained with DiffQuik (Baxter Scientific), air-dried, and mounted onto glass slides. Migrated HIMEC adherent to the lower side of the membrane were counted [at least 15 random high-power fields (ϫ200) per condition], and data were expressed as a means Ϯ SD. Each condition was assessed in triplicate.
Cell proliferation assay. HIMEC (3 ϫ 10 4 per well) were seeded onto fibronectin-coated 24-well plates using growth medium without ECGS as described earlier (20) . After pretreatment with the thalidomide (1-10 g) for 60 min at 37°C, cells were stimulated with VEGF (50 ng/ml) for 24, 48, and 72 h, or left untreated. Following complete detachment, cells were resuspended and counted in a Coulter Counter (Coulter, Brea, CA). In parallel experiments, cell viability was assessed by trypan blue exclusion and was greater than 95%. Each condition was assessed in triplicate.
Cellular DNA synthesis was assessed by [ 3 H]thymidine uptake in HIMEC as described earlier (20) . HIMEC were pulsed with [ 3 H]thymidine (1 Ci/ml; Amersham, Arlington Heights, IL) and washed twice on ice with 5% (vol/vol) trichloroacetic acid before fixation. DNA was then released from precipitated material by alkaline lysis in 0.5 N NaOH, and supernatants were quantified in a ␤-counter. Each condition was assessed in triplicate.
Microscopic wounding assay. To assess HIMEC migration in response to angiogenic stimuli, a microscopic wounding assay was performed as described earlier (10) . In brief, a HIMEC-confluent monolayer was scraped along a straight line, and the remaining monolayer was then incubated with growth medium (without ECGS); cells were then pretreated for 30 min at 37°C with or without thalidomide (1-10 g). Then, cells were stimulated by addition of VEGF or left untreated. The migration of HIMEC across the demarcation line was monitored using an inverted microscope. At each time point (24, 48 , and 72 h), 10 random fields using an ocular grid were counted in a blinded fashion. Data were expressed as cells/mm 2 , and each condition was assessed in triplicate.
Matrigel in vitro tube formation assay. Endothelial tube formation was assessed using Matrigel, a solubilized extracellular basement membrane matrix extracted from the Engelbreth-Holm-Swarm mouse sarcoma, as described previously (36) . HIMEC were suspended in complete growth medium and were seeded at a density of 5 ϫ 10 4 cells per well with or without thalidomide. Endothelial tube formation on Matrigel after 16 h was assessed by inverted phase contrast microscopy and photographed with an inverted tissue culture micro- scope. Five high-power fields per condition were examined, and experiments were repeated in two independent HIMEC cultures.
Statistical analysis. Statistical analysis was performed by ANOVA using StatView for Macintosh (version 4.51; Abacus Concepts, Berkeley, CA). P Յ 0.05 was considered significant, and data shown are means Ϯ SD.
RESULTS
Thalidomide suppresses CAM expression in TNF-␣/LPSactivated HIMEC.
The effect of thalidomide on CAM expression in unstimulated and TNF-␣/LPS-activated HIMEC was assessed by radioimmunoassay as described under MATERIALS AND METHODS. Resting HIMEC expressed undetectable levels of E-selectin and VCAM-1 and low levels of ICAM-1. TNF-␣/ LPS activation of HIMEC dramatically increased the expression of all three adhesion molecules, and treatment of HIMEC with thalidomide before TNF-␣/LPS activation significantly decreased the level of CAM expression Fig. 1, A, B and C. These findings suggested that anti-inflammatory effect of thalidomide at least in part is through the modulation of CAM surface expression and leukocyte binding in activated HIMEC. Similar results were obtained from fluorescence-activated cell sorting analysis (data not shown).
Thalidomide suppresses leukocyte adhesion in TNF-␣/LPSactivated HIMEC. Next we performed a low-shear-stress flow adhesion assay. Monolayers of HIMEC can be used to assess (1 dyne cm 2 ), which increased significantly following TNF-␣/LPS activation. Thalidomide pretreatment of HIMECs inhibited leukocyte adhesion to TNF-␣/LPS-activated HIMEC, with a 10 g/ml dose returning leukocyte binding to baseline levels. B: similar results were obtained with leukocyte binding under physiological low shear stress to control and CD HIMEC from heparinized whole blood. Thalidomide inhibited the effect of TNF/LPS activation of both the control and CD endothelial cells with a 10 g/ml dose returning levels of adhesion to baseline. Data are expressed as means Ϯ SD from triplicate experiments. C: static adhesion assay was performed, expressing quantification of static adhesion of U-937 cells to HIMEC monolayer in the absence and presence of thalidomide (10 g/ml). Data from triplicate wells were expressed as the average number of adherent U-937 cells/well Ϯ SD. N ϭ 3 total experiments for each condition; *significant difference between the thalidomide treated and not treated cells (P Ͻ 0.05). D: modified Wright's stain of unstimulated HIMEC monolayer after 1 h cocultured with U-937 monocyte-like cells. In a high-power (ϫ200), bright field microscopic view, firmly adherent U-937 nuclei stain dark purple, whereas HIMEC nuclei stain light purple. HIMEC were seeded at 5 ϫ 10 5 cells per ml and 24 h later were exposed to 1 ϫ 10 6 U-937 cells for 1 h (a). HIMEC monolayer was activated with TNF-␣/LPS and 24 h later were exposed to 1 ϫ 10 6 U-937 cells for 1 h (b). HIMEC monolayers were treated with thalidomide (10 g) for 1 h with or without TNF-␣/LPS (as above) for 24 h before the 1-h U-937 coculture (c and d).
endothelial function in vitro, including their ability to undergo activation and binding of leukocytes through specific interaction of cell adhesion molecules. U-937 cells were used as a target leukocyte population for these assays, as this established monocyte-like cell line is known to express the specific cell adhesion molecules ␣(4)␤(1) integrin and sialyl Lewis X, which mediate binding to their endothelial ligands VCAM-1 and E-selectin, expressed on activated HIMEC. As shown in Fig. 2A , unstimulated HIMEC bound low levels of U-937; in marked contrast, the TNF-␣/LPS-activated HIMEC demonstrated a dramatic enhancement in U-937 binding. Thalidomide pretreatment of HIMECs inhibited the leukocyte adhesion to TNF-␣/LPS-activated HIMEC. Similar results were obtained with whole blood (Fig. 2B) . Quantification of enhanced leukocyte binding by TNF-␣/LPS using in vitro static assay demonstrated a significant increase, which was decreased by thalidomide (Fig. 2C) . In vitro static assay also demonstrated that unstimulated HIMEC bound low levels of U-937 monocytelike cells (Fig. 2, D, a) that readily increased with overnight TNF-␣/LPS activation by a static endothelial-leukocyte adhesion assay (Fig. 2, D, b) . Pretreatment of HIMEC with thalidomide did not affect the adhesion of U-937 leukocytes to unstimulated HIMEC (Fig. 2, D, c) . In marked contrast, thalidomide pretreatment of the TNF-␣/LPS-activated HIMEC demonstrated a dramatic decrease in U-937 binding (Fig. 2, D,  d ). These findings suggested that anti-inflammatory effect of thalidomide at least in part is through the modulation of CAM surface expression and leukocyte binding in activated HIMEC.
Thalidomide suppresses NF-B activation in TNF-␣/LPSactivated HIMEC.
Previous works from our group have demonstrated the involvement of NF-B in CAM expression in HIMEC following TNF-␣/LPS activation (31) . In the present study, we have demonstrated that thalidomide pretreatment of HIMEC before TNF-␣/LPS activation completely inhibited NF-B-DNA binding, similar to the specific inhibitor of NF-B (SN-50) as determined by a cell-based ELISA-NF-B Fig. 3 . Effect of thalidomide on NF-B in TNF-␣/ LPS-activated HIMEC. A: NF-B activation in HIMEC with TNF-␣/LPS was determined using a DNA-binding ELISA-based assay. NF-B-DNA binding activity elevated rapidly following exposure to TNF-␣/LPS, and this was significantly inhibited by thalidomide pretreatment before HIMEC activation. The effect of thalidomide 10 g/ml was similar to the NF-B inhibitor SN-50. B: immunofluorescence staining demonstrates that TNF-␣/LPS activation of HIMEC resulted in NF-B p65 subunit nuclear translocation, which was inhibited by thalidomide (Thal) pretreatment (10 g/ml). assay (Fig. 3A) . Moreover, immunofluorescence staining of TNF-␣/LPS-activated HIMEC showed nuclear translocation of NF-B subunit p65 into the nucleus, which was effectively blocked with thalidomide pretreatment (Fig. 3B) .
Together these results suggest that thalidomide is an effective anti-inflammatory agent in suppressing TNF-␣/LPS-induced HIMEC activation.
Effect of thalidomide on TNF-␣/LPS-induced iNOS expression in HIMEC.
We also examined the effect of thalidomide on iNOS gene and protein expression. As determined by semiquantitative PCR, activation of HIMEC with TNF-␣/LPS resulted in increased expression of iNOS mRNA (Fig. 4, A and  B) . Corresponding with the gene expression, TNF-␣/LPS increased the level iNOS protein in HIMEC as determined by Western blotting (Fig. 4C) . Pretreatment of HIMEC with thalidomide did not inhibit iNOS gene and protein expression. Immunofluorescence staining of TNF-␣/LPS-activated HIMEC showed the cytoplasmic staining for iNOS with no effect from thalidomide beyond the control cells (Fig. 4D) .
Effect of thalidomide on TNF-␣/LPS-induced COX-2 expression in HIMEC.
Next we examined the effect of thalidomide on COX-2 expression. Using real-time PCR we have shown that activation of HIMEC by TNF-␣/LPS significantly increased COX-2 mRNA expression, and pretreatment of HIMEC with 10 g/ml of thalidomide had no inhibitory effect on COX-2 gene expression (Fig. 5A) . Corresponding with the effect on COX-2 mRNA expression, COX-2 protein was increased by TNF-␣/LPS activation of HIMEC, and, similar to mRNA, thalidomide had no affect on COX-2 protein a (Fig. 5B) .
Effect of thalidomide on VEGF-induced HIMEC transmigration. Endothelial transmigration assay was performed using polycarbonate filters. HIMEC, which transmigrated through the filters to the lower side of the membrane, were counted [at least 15 random high-power fields (ϫ200) per condition], and data were expressed as means Ϯ SD. The number of transmigrated HIMEC was increased by VEGF stimulation, which was significantly inhibited by pretreatment with thalidomide ( Fig. 6 ; representative result from a total of 3 independent experiments; *P Ͻ 0.05 compared with VEGF-stimulated HIMEC).
Effect of thalidomide on VEGF-induced growth, proliferation, and tube formation in HIMEC.
To further characterize the antiangiogenic activity of thalidomide in HIMEC, we treated the cells with thalidomide (0.1-10.0 g/ml) for 30 min before VEGF (50 ng/ml) stimulation. VEGF stimulation of HIMEC increased cell growth significantly, and thalidomide pretreatment inhibited the cell growth (Fig. 7A) . 3 H]thymidine uptake was significantly increased after VEGF stimulation, and VEGF stimulation for 18 h increased the number of cells. Although serum-starved HIMECs increased their DNA synthesis in response to VEGF, treatment with thalidomide abrogated these proliferative effects, decreasing endothelial cell survival dose dependently (Fig. 7B) .
Angiogenic ability of HIMECs to spontaneously form branching and thick anastomosing capillaries in vitro, when seeded on a Matrigel surface, was completely abrogated by 10 g thalidomide. As shown in Fig. 7C , exposure of HIMEC to 50 ng/ml of VEGF increased the numbers of their tube multicentric junctions, which gave rise to a more closely knit network of capillary-like structures. Thalidomide blocked VEGF-promoted angiogenesis, as evidenced by isolated cell clumps with few sprouting capillaries.
Effect of thalidomide on VEGF-induced Akt phosphorylation in HIMEC.
Given the important role of the PI3K/Akt pathway in endothelial cell survival and proliferation, we assessed the effect of thalidomide on Akt phosphorylation in HIMEC.
Previously, using Western blot and phosphorylated Akt (pAkt) antibody, we have shown that VEGF (50 ng/ml) induced increased Akt phosphorylation in HIMEC as early as 15 min. Pretreatment of HIMEC with thalidomide dose dependently resulted in significant inhibition of Akt phosphorylation (Fig. 8) . LY294002, a specific PI3K/Akt inhibitor was used as control. These findings suggest that PI3K/Akt may play a role in VEGF-induced cell survival in this endothelial cell population, and inhibition of PI3K/Akt by thalidomide inhibits the angiogenesis in HIMEC.
DISCUSSION
The present study demonstrates the inhibitory effect of thalidomide on both inflammatory and angiogenic activation of human gut microvascular endothelial cells. Interestingly, the effect of thalidomide did not involve inhibition of NOS-2 or COX-2, which is distinct from the effect of other pharmacological compounds that are known to inhibit vascular inflammation and growth (i.e., curcumin, MAPK inhibitors). These data suggest that the therapeutic effect of thalidomide observed Fig. 7 . Effect of thalidomide on VEGF-induced growth, proliferation, and capillary tube formation in HIMEC. A: potent angiogenic effect of VEGF on HIMEC was quantified by measuring endothelial growth across a leading edge in vitro. Thalidomide pretreatment inhibited HIMEC growth in a dosedependent manner, lowering overall rates of growth to rates similar to control cells. B: proliferation was assessed by measuring cellular DNA synthesis was assessed by measuring [
3 H]thymidine uptake in HIMEC activated by VEGF. [ 3 H]thymidine uptake was significantly increased after VEGF stimulation for 15 h, and proliferation was inhibited by thalidomide pretreatment in a dose-dependent manner, ultimately decreasing rates to basal levels. Assays were done in triplicate experiments, and the data are shown as mean cpm Ϯ SD. *P Ͻ 0.05 compared with VEGF-stimulated HIMEC cultures. C: third assay to measure angiogenic activity in VEGFactivated HIMEC was tube formation in Matrigel plates. Phase-contrast photomicrographs demonstrate the capacity of HIMEC to form capillary-like tubes on Matrigel. VEGF increased tube formation in HIMEC, and this was inhibited by thalidomide in a dose-dependent fashion, which was similar to the effect of the selective COX-2 antagonist NS-398 and PI3K/ Akt inhibitors (wortmannin and LY294002), which completely inhibited formation of capillary-like structures (ϫ40).
in clinical trials for refractory CD may function through novel vascular mechanisms.
One of the better characterized anti-inflammatory properties of thalidomide has been its capacity to inhibit the production and release of a wide range of proinflammatory cytokines and growth factors (35) . Thalidomide inhibits the release and action of TNF-␣ (37) and is also known to block the synthesis of TNF-␣ following stimulation of human monocytes by LPS (27) . The function of thalidomide as a transcriptional inhibitor of TNF-␣ in gut endothelial cells may also be a contributing mechanism, as HIMEC were previously shown to produce gene product for this cytokine following activation by IL-1b and TNF-␣ (29) .
The present study demonstrates that thalidomide affects TNF-␣/LPS-induced transmigration of leukocytes by a direct action on endothelial cells. The effect of thalidomide on leukocyte-endothelial interaction in the setting of experimental colitis in dextran sulfate sodium rats was explored by Lienenlüke et al. (24) . These authors demonstrated that a reduction in VCAM-1 expression was followed by a significant reduction in postcapillary leukocyte adhesion in these animals. We used our human system for modeling gut endothelial-leukocyte interaction to determine specific mechanisms that would underlie the anti-inflammatory effect of thalidomide. Although thalidomide did not alter the expression of E-selectin, ICAM-1, or VCAM-1 on resting HIMEC, it was associated with inhibition of the upregulation of all three of these CAM following induction with TNF-␣/LPS. These findings are in agreement with Nogueira and coworkers (30) , who demonstrated that thalidomide did not alter CAM expression in resting HUVEC. However, in contrast with the others who have reported increases in ICAM-1, density on TNF-␣ activated endothelial cells in response to increasing concentrations of thalidomide (17) . The results of the present investigation, where pretreatment of HIMEC monolayers with thalidomide did not affect basal leukocyte-endothelial binding, are in agreement with those of Dunzendorfer et al. (11) , who demonstrated the lack of effects of thalidomide on resting endothelial cells.
Inflammatory responses in intestinal tissues are mediated by multiple molecular mechanisms, which are distinct for the various involved immune and nonimmune cell populations.
Two of the most prominent, general effects following inflammatory activation with TNF-␣ and LPS will include the production of nitric oxide by NOS-2 and the formation of prostaglandins via the upregulation of COX-2 (25, 40) . In general, under normal, resting conditions, neither of these enzymes are constitutively expressed in resting endothelial cells, but following inflammatory stimuli (i.e., LPS, TNF-␣) there will be a rapid increase in expression (1). Our results clearly indicate that the TNF-␣/LPS treatment of HIMEC resulted in a marked increase in both NOS-2 and COX-2 mRNA and protein expression. However, the pretreatment of HIMEC with thalidomide did not inhibit either of these molecules, while exerting potent inhibitory effects on the functional assessment of both endothelial-leukocyte adhesion as well as endothelial growth, two well established in vitro approaches for the modeling of vascular inflammatory and angiogenic activity. These data suggest that thalidomide will exert its therapeutic effect through novel vascular mechanisms, through selective effect on the PI3K/Akt pathway and activation of the transcription factors activator protein-1 (AP-1) and NF-B.
On the basis of these results we propose that thalidomide exerts its anti-inflammatory properties in HIMEC through downregulation of the endothelial cell transmigration, decreased CAM expression, and inhibition of HIMEC-leukocyte binding, probably by inhibiting the activation of transcriptional factors such as NF-B and AP-1. Further investigation should provide additional biochemical data to elucidate the precise anti-inflammatory mechanisms of thalidomide. Taken together, our results suggest that thalidomide promoted a satisfactory inhibition of the inflammatory reaction in HIMEC attributable to the inhibition of NF-B activation, decreased CAM expression, and leukocyte adhesion. Some chemical properties of thalidomide such as lipophilicity and molecule size, as well as pharmacokinetic factors including movement in the liquids or cell membrane permeability, could facilitate the passage of thalidomide into cells and tissues.
Previous studies from our groups and others have established that growth factor-induced endothelial cell migration and subsequent tube formation are known to be PI3K-Akt dependent (6, 15, 26) . In this study, we determine whether the inhibitory effect of thalidomide on VEGF-induced angiogenesis might be attributable to inhibition of signaling via Akt. It is well established that activation of the Akt pathway plays a crucial role in tumor chemoresistance, malignant transformation, and invasiveness by inducing cell survival, growth, migration, and angiogenesis (42) . In a number of human cancers overexpression and activation of Akt have been shown, and inhibition of its activity induces apoptosis in a variety of mammalian cells (9) , making Akt a very attractive therapeutic target for cancer therapy. In this study we have shown that thalidomide inhibited VEGF-induced Akt phosphorylation to well below its constitutive level. Because activated Akt is required to maintain endothelial cell viability during integrinmediated interaction with the extracellular matrix (15) , this may thus have implications for the survival of endothelial cells during the angiogenic process in vivo. The possibility that other pathways may also be involved in the angiogenic process should not be excluded although thalidomide does not appear to have any effect on VEGF-induced MAPK pathway activation in HIMEC (preliminary studies). In summary, we provide evidence that thalidomide significantly blocks the vascular inflammatory response including inhibition of NF-B activation, decreased endothelial-leukocyte binding, and reduced CAM expression in TNF-␣/LPSactivated HIMEC. Furthermore, we also report that thalidomide significantly reduced the angiogenic response in human gut endothelial cells, which included inhibition of endothelial transmigration and decreased growth, proliferation, and capillary tube formation in VEGF-activated HIMEC. However, thalidomide did not inhibit COX-2 and NOS-2 mRNA and protein expression in either TNF-␣/LPS-activated HIMEC or in VEGF-stimulated HIMEC. Collectively, the present findings suggest that thalidomide may function through novel vascular mechanisms in addition to its known effect on inhibiting TNF-␣, in the treatment of patients suffering from refractory CD chronic gut inflammation. Further investigation defining the therapeutic effect of thalidomide in the treatment of chronic inflammatory bowel disease, specifically through novel vascular mechanisms, is warranted.
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